Many gastrointestinal pathogens use a type III secretion system (T3SS) to manipulate host cells. 3 Protein secretion by the T3SS injectisome is activated upon contact to any host cell, and it has 4 been unclear how premature effector secretion is prevented during infection. We found that at 5 low external pH, such as in the stomach, the components at the proximal interface of the 6 injectisome are temporarily released to the bacterial cytosol, preventing protein secretion. Low 7 external pH is sensed in the periplasm and leads to a partial dissociation of the inner membrane 8 injectisome component SctD, which in turn causes the dissociation of the cytosolic T3SS 9 components. This effect is reversed upon restoration of neutral pH, allowing a fast activation of 10
Introduction
In order to proliferate in contact to eukaryotic host cells, both symbiotic and pathogenic bacteria have 16 developed methods to influence host cell behavior. The type III secretion system (T3SS) injectisome 17 is a molecular machinery used by various pathogenic bacterial genera including Salmonella, Shigella, 18 pathogenic Escherichia and Yersinia to deliver molecular toxins -effector proteins -directly into the 19 eukaryotic host cells. While the effectors differ among the different bacterial species (Büttner, 2012) , 20 and can have different functions in modulating the cytoskeleton, invading and escaping host cells or 21 endosomes, or inducing host cell death (Coburn et al., 2007; Hueck, 1998) , the structural proteins of 22 the injectisome are highly conserved. An extracellular needle is formed by helical polymerization of a 23 T3SS-exported protein, and ends in a pentameric tip structure. At the proximal end, the needle is 24 anchored by two multimeric membrane rings that span the outer and inner membrane. Additionally, 25 the inner membrane (IM) ring encloses the export apparatus. At the cytosolic interface of the 26 injectisomes, four soluble T3SS components (SctK/Q/L/N) a interact to form six pod structures (Hu et 27 al., 2017 (Hu et 27 al., , 2015 (Fig. 1A) . 28 The soluble T3SS components SctK, SctQ, SctL and SctN interact in a linear fashion (Jackson and Plano, 29 2000), and the presence of all four proteins is needed for their assembly at the injectisome, and 30 subsequently for effector secretion (Diepold et al., 2017 (Diepold et al., , 2010 . SctK/Q/L form a high molecular 31 weight complex that has been shown to bind chaperones and effectors (Lara-Tejero et al., 2011) . Since 32 the cytosolic components do not co-purify with the rest of the needle, their structural arrangement 33 has only been revealed by recent in situ cryo-electron tomography (Hu et al., 2017 (Hu et al., , 2015 Nans et al., 34 2015), which showed the formation of six pod structures at the cytosolic interface of the injectisome. 35 The connection between these pod structures and the membrane rings is established by the cytosolic 36 component SctK, which binds to SctD. In the presence of SctK, the cytosolic domains of SctD (SctDC) 37 rearrange and in the case of the Salmonella SPI-1 T3SS form six discrete patches of four SctDC each 38 that interact with one SctK protein, which in turn connects to SctQ, SctL, and SctN (Hu et al., 2017; 39 Tachiyama et al., 2019) . 40 In addition to forming the injectisome-bound pod structures, the cytosolic components exist in a 41 freely diffusing cytosolic state, with proteins exchanging between the two states (Diepold et al., 2015) . 42 a In this manuscript, T3SS refers to the virulence-associated T3SS. The common "Sct" nomenclature (Hueck, 1998) is used for T3SS components, see (Diepold and Wagner, 2014) for species-specific names.
unclear to this date. 48 Yersinia enterocolitica is an extracellular gastrointestinal pathogen that employs its T3SS to 49 downregulate immune responses and prevent inflammation after the penetration of the intestinal 50 epithelium. For initial attachment to the epithelium, the bacteria employ a number of adhesins, with 51 Yersinia adhesin A (YadA) as the key factor for establishing an infection (Meuskens et al., 2019) . YadA 52 interacts with a variety of extracellular matrix molecules, including collagen and fibronectin 53 (Mühlenkamp et al., 2015b) . YadA length is tightly linked to the length of the injection needle of the 54 T3SS, and establishes close contact to the host cells enabling injection (Mota et al., 2005) . Y. 55 enterocolitica is usually taken up with contaminated food or water. The shift from environmental to 56 host temperature (37°C) induces expression and assembly of the injectisomes as well as YadA 57 (Cornelis, 2006; Tertti et al., 1992) . The bacteria then have to pass the acidic environment of the 58 stomach. During that time, the injectisome can already be present and ready for effector secretion. 59 Since the T3SS readily translocates cargo into any host cell type it adheres to, including immune cells, 60 epithelial cells and even red blood cells (Clerc et al., 1986; Håkansson et al., 1996) , a distinct 61 mechanism is needed to prevent premature activation of the T3SS during the passage of the stomach, 62 which would result in a loss of valuable resources, or even elicit immune responses. 63 We hypothesized that the acidic environment in the stomach (external pH of 1. 5 -4.5 (Evans et al., 64 1988; McClements and Li, 2010) , Fig. 1B ) may be detected by the bacteria to inhibit effector secretion 65 under these conditions. Here, we investigated this hypothesis with a combination of fluorescence 66 microscopy, single particle tracking, and functional assays. Our findings show that although parts of 67 the T3SS, including the extracellular needle, are stable at low pH, a set of cytosolic T3SS components 68 temporarily unbind from the injectisome at low external pH. The reversible dissociation corresponds 69 to a temporary suppression of effector secretion by the T3SS. This mechanism prevents premature 70 activation of the T3SS, while ensuring a quick reactivation of the T3SS, once a pH-neutral environment 71 is reached. Our data provide a striking example for how bacteria apply protein dynamics to adapt the 72 function of a large macromolecular machine essential for virulence to external conditions.
Results

75
Resistance of Y. enterocolitica and its T3SS needles to low external pH 76 To investigate to which degree Y. enterocolitica can withstand a drop in external pH, bacterial cultures 77 in exponential growth phase were exposed to different pH for 15 minutes at 28°C, and bacterial 78 survival was monitored by a dilution series on neutral pH agar (Fig. 1C) . The results show that Y. 79 enterocolitica tolerates temporary incubation down to pH 3, with no or very little fitness decrease at 80 pH 4 and above.
81
Y. enterocolitica adheres to host cells and other surfaces by adhesins, most importantly the trimeric 82 adhesin YadA, and invasin (Keller et al., 2015; Leo et al., 2015; Mühlenkamp et al., 2015a) . We thus 83 tested whether low pH prevents the binding of YadA to collagen and more generally, of Y. 84 enterocolitica cells to surfaces. Binding could be established at low pH in both cases (Fig. 1D, Suppl. 85 Movies 1-2). These results suggest that to avoid protein translocation into non-host cells, secretion 86 itself might be prevented at low pH. 87 To test under which conditions Y. enterocolitica secretes effectors, we performed a secretion assay 88 where Y. enterocolitica cells primed for secretion were subjected to secreting media in the range from 89 pH 8 to pH 4. Indeed, we observed that effector secretion did not occur at low pH ( Fig. 1E ). Lack of 90 secretion is not due to lower protein synthesis at pH 4 (Suppl. Fig. 1 ), suggesting a specific mechanism 91 to suppress secretion at low external pH. 92 But how does Y. enterocolitica prevent secretion at low pH? To determine if the absence of secretion 93 is due to a complete disassembly of injectisomes at that pH, we visualized the needles at different pH 94 values and over time by labeling an introduced cysteine residue with a maleimide-linked dye (Milne-95 Davies et al., 2019) . The needles were stable at pH 4 over continued time periods ( Fig. 1F ). 96 Taken together, Y. enterocolitica as well as the injectisome needles can withstand low external pH 97 conditions, but still effectors are not secreted.
Association of the dynamic cytosolic T3SS components to the injectisome is temporarily suppressed 114 at low external pH 115 We have recently found that the cytosolic T3SS components (SctK/Q/L/N) form a dynamic network, 116 where protein exchange is connected to the function of the injectisome (Fig. 1A) (Diepold et al., 2017 (Diepold et al., , 117 2015 . Hence, we wondered whether these dynamic components could be involved in the inhibition 118 of secretion at low pH. To investigate this question, we performed flow-cell-based total internal 119 reflection fluorescence (TIRF) microscopy with functional N-terminal fluorescent protein fusions of 120 the cytosolic components, expressed at native levels b : EGFP-SctK, EGFP-SctQ, EGFP-SctL and EGFP-121 SctN ( Fig. 1A ) (Diepold et al., 2017 (Diepold et al., , 2010 . At neutral or near-neutral pH, the cytosolic components 122 localized in foci at the bacterial membrane, which represent their injectisome-bound state (Diepold 123 et al., 2010) . However, at an external pH of 4, all cytosolic components lost this punctuate localization, 124 and the proteins relocated to the cytosol (Fig. 2 ABC) . The relocation remained stable over time at low 125 external pH (Suppl. Fig. 2 ). Strikingly, this phenomenon was reversible: Upon exposure to neutral 126 external pH, the foci recovered within a few minutes (Fig. 2ABC ). This effect was observed both under 127 secreting and non-secreting conditions (Suppl. Fig. 3A) , and was independent of the fluorophore or 128 visualization tag that was used (Suppl. Fig. 3B ). Dissociation and re-association of the cytosolic T3SS 129 components in response to the external pH was reversible in several cycles (Suppl. Movie 3). This 130 reversible response to low pH was also observed both under secreting and non-secreting conditions 131 (presence of 5 mM CaCl2 and EGTA, respectively) (Suppl. Fig. 4 ).
132
To determine the kinetics of association and dissociation of SctQ, we monitored EGFP-SctQ foci in the All fusion proteins used in this study are expressed from the native genetic environment; the genes replace the wild-type genes by allelic exchange (Kaniga et al., 1991) . experiments, we observed a reversible loss of fluorescent foci at the membrane and an increase in 142 cytosolic signal at pH 4 and rebinding of the fluorescent proteins upon changing pH to 7. Also, an 143 overlay of the micrograph at pH 7 before and after the incubation at pH 4 further indicated that the 144 foci reform at the same position as they previously appeared ( Fig. 2E ). 145 Taken together, our data indicate that the cytosolic components reversibly dissociate from the 146 injectisome at low external pH. Upon exposure to neutral pH, proteins from the same pool rebind at 147 the cytosolic interface of the injectisome, forming the potential basis for a regulatory mechanism for 148 the prevention of secretion at low pH. What is the molecular basis for the dissociation of the cytosolic T3SS components at low external pH? 168 To find out whether the pH is sensed intracellularly, we first tested the impact of the changed external 169 pH on the cytosolic pH, using a ratiometric pHluorin GFP variant (pHluorinM153R (Miesenböck et al., 170 1998; Morimoto et al., 2011) ) as a pH sensor. Upon changing the external pH from 7 to 4, the cytosolic 171 pH dropped to a mildly acidic value (pH 6.3-6.4). This cytosolic pH was retained for at least 30 minutes 172 at external pH 4, but quickly recovered upon re-establishment of neutral external pH (Fig. 3A) . 173 To test if the observed mild drop in cytosolic pH directly causes the dissociation of the cytosolic 174 complex, we treated bacteria with the proton ionophore 2,4-dinitrophenol, which attunes the 175 cytosolic pH to the external pH (Dechant et al., 2010; Hong et al., 1979; Petrovska et al., 2014) (Suppl. 176 Fig. 7) , and visualized the localization of EGFP-SctQ at different pH values. EGFP-SctQ remained 177 localized in foci representing assembled cytosolic complexes at pH 6.3 and below ( Fig. 3B ), indicating 178 that the observed disassembly of the cytosolic complex is not caused by acidification of the cytosol. (Hu et al., 2017; Ross and Plano, 2011) . Earlier studies showed that lack of SctD, or its inability to bind 205 to SctC, leads to a similar cytosolic location of SctK/L/N/Q as observed at an external pH of 4 ( Fig. 2A ) 206 (Diepold et al., 2017 (Diepold et al., , 2010 , and that the cytosolic domains of SctD connect to SctK via specific and, subsequently, all other cytosolic components. 210 When we tested the behavior of SctD at low external pH, we found that at pH 4, EGFP-SctD foci in the 211 membrane became less intense than at pH 7, with a concomitant increase in fluorescence throughout 212 the membrane. In contrast to the cytosolic components however, the SctD foci did not completely 213 disappear. Importantly, like the cytosolic components, SctD recovered its localization in foci at neutral 214 external pH ( Fig. 4A ). To study this unique phenotype in more detail, we performed single-molecule experiments revealed that at an external pH of 7, more than 90% of the SctD molecules in the IM were 217 static; by contrast, at an external pH of 4, more than 40% of the SctD molecules became mobile within 218 the membrane ( Physiological advantage of temporary suppression of type III secretion at low pH 251 We reasoned that bacteria could benefit from the dissociation of the cytosolic T3SS components at To determine a potential molecular mechanism for this effect, we identified amino acids in the 273 periplasmic domain of SctD that could be protonated at pH 4, but not at pH 7 (Asp, Glu, His), and 274 focused on the subset of these amino acids that differ between Y. enterocolitica and P. aeruginosa immune cells. To test whether the reversible dissociation of the cytosolic T3SS components supports 281 a fast activation of the T3SS once back at neutral pH, we monitored the secretion of effectors over 282 time after a temporary drop of external pH to 4. We found that effector secretion was suppressed at 283 low pH, but recovered within 20-40 minutes after reaching neutral pH ( Fig. 6A) . Notably, the recovery 284 is much faster than the onset of effector secretion after de novo assembly of the T3SS by a 285 temperature change to 37°C (Fig. 6A ), supporting the notion that bacteria benefit from the temporary 286 dissociation of the cytosolic subunits at low pH in two ways: This mechanism suppresses protein 287 secretion at low external pH, while ensuring a fast reactivation upon reaching a pH-neutral On their way through the gastrointestinal system, bacteria encounter a multitude of different pH 302 environments. Importantly, the highly acidic stomach acts as natural barrier for food-borne infections. 303 Gastrointestinal pathogens like Y. enterocolitica express factors that facilitate survival in these conditions, most prominently urease, of which high amounts are exported (Chen et al., 2016; Heroven 305 and Dersch, 2014; Hu et al., 2009; Stingl and De Reuse, 2005; Young et al., 1996) . It was not known, 306 however, if and how the activity of the T3SS, an essential virulence factor for many gastrointestinal 307 pathogens, is regulated under these conditions. Although the target cells of the Y. enterocolitica T3SS 308 are downstream of the stomach, bacteria can attach to host cells at low pH (Fig. 1B, Suppl collagen is significantly increased (Fig. 1D) , and the binding of the cytosolic components is restored 315 (Fig. 2) . Bacteria conceivably benefit from this mechanism, which prevents the premature effector 316 translocation into any eukaryotic cells in contact in the acidic regions of the stomach, an event that 317 would be energetically expensive and might elicit immune responses. Secretion can be restored within 318 20-40 minutes, once the pH-neutral intestine is reached, which is significantly faster than de novo 319 synthesis of injectisomes at this time (Fig. 6 ).
320
The dissociation kinetics of the cytosolic components of the T3SS revealed a dissociation half-time of 321 about one to two minutes under secreting conditions (Fig. 2D, Suppl. Movie 3) . This value is strikingly 322 similar to the exchange rate of SctQ at the injectisome (Diepold et al., 2015) , suggesting that at low 323 external pH, primarily the re-association of the cytosolic components is prevented. This adaptation of 324 T3SS function may explain the so-far enigmatic benefit of the observed dynamics of the cytosolic parts 325 of the injectisome during its function. Notably, the observed dissociation of the cytosolic proteins in 326 response to low external pH may not reveal the complete mechanism for suppression of T3SS activity 327 at this pH. The observation that the dissociation of the cytosolic components occurs at a slightly lower 328 pH than the loss of effector secretion, and that the re-initiation of secretion occurs later than the enterocolitica through the M cells that is required to access the lymphoid follicles of the Peyer's 335 patches (Cornelis, 2002) . 336 We found that similarly to E. coli (Krulwich et al., 2011; Slonczewski et al., 1981) , Y. enterocolitica can 337 partially compensate for acidic external environment, and that at an external pH of 4.0, the cytosolic 338 pH remained at 6.3-6.4 (Fig. 3A) . When we used a proton ionophore to create this cytosolic pH at a 339 similar external pH, the cytosolic T3SS components remained bound to the injectisome (Fig. 3B) , 340 suggesting that the external pH is sensed outside the bacterial cytosol. A prime candidate to be (Fig. 4) is causal for the dissociation of the cytosolic T3SS components. 356 Interestingly, SctD is one of the least conserved genes in the T3SS, especially in comparison to its 357 direct structural neighbors, the highly conserved SctC secretin ring in the OM, as well as SctJ and the 358 export apparatus proteins in the IM (Diepold and Wagner, 2014 Fig. 9B) , it supports the notion that SctD is involved in species-specific 362 adaptation of the T3SS, such as pH sensing. This hypothesis is further substantiated by the finding that 363 in P. aeruginosa, which does not pass the stomach during a normal infection, the effect of low pH is significantly restricted, with the majority of EGFP-SctQ foci remaining present at low external pH 365 ( Fig. 5) . 366 Like the Y. enterocolitica T3SS, the intracellular Salmonella enterica SPI-2 T3SS is strongly influenced 367 by the external pH; however, the mechanism described for SPI-2 differs from the one described in this Bacterial strain generation and genetic constructs 382 A list of strains and plasmids used in this study can be found in Supplementary For effector visualization or total cell analysis, the cells were incubated at 37°C between 1-3 hours, as 409 described. Then, 2 ml of the culture were collected at 21,000 g for 10 min. The supernatant was 410 separated from the cell fraction and precipitated with trichloroacetic acid (TCA) for 1-8 h at 4°C. MHz read-out speed. The z-focus was controlled using a commercial perfect focus system (Nikon). To measure YadA adhesion to collagen at different pH values, an ELISA-like binding assay was 539 performed (Leo et al., 2010 (Leo et al., , 2008 Saragliadis and Linke, 2019 
Suppl. Movie 1-2 -Y. enterocolitica attaches to surfaces at low external pH
Suppl. Movie 1: Time-lapse phase contrast video of Y. enterocolitica attached to a glass cover slip in a flow cell at pH 7. The buffer was exchanged from pH 7 to pH 4 buffered media during the experiment and cells were tracked for 10 minutes with a picture taken every 10 seconds.
Suppl. Movie 2: Time-lapse phase contrast video of Y. enterocolitica attached to a glass cover slip in a flow cell at pH 4. During the experiment the buffer was changed from pH 4 to pH 7 and cells were tracked again for 10 minutes with a picture taken every 10 seconds. Scale bars, 2 µm.
Suppl. Movie 3 -The pH-induced dissociation and re-association of EGFP-SctK to the injectisome can be repeated for several cycles.
Time-lapse video of Y. enterocolitica expressing EGFP-SctK attached to a glass cover slip in a flow cell. After flow was started the buffer was toggled every 5 minutes between pH 7 to pH 4, as indicated. Micrographs were acquired every 10 seconds. Scale bar, 2 µm.
Suppl. Movie 4 -Dissociation kinetics of EGFP-SctQ upon change of external pH from 7 to 4
Time-lapse video of Y. enterocolitica expressing EGFP-SctQ attached to a glass cover slip in a flow cell after pH shift from 7 to 4. Left, overlay of DIC (grey) and fluorescence signal (yellow); right, fluorescent channel in red hot color scale. Bacteria were attached to the cover slip at pH 7, flow was introduced, and the buffer was switched from pH 7 to pH 4. The duration of the experiment was 10 minutes and pictures were taken every 10 seconds. Scale bar, 2 µm.
Suppl. Movie 5 -Re-association kinetics of EGFP-SctQ upon change of external pH from 4 to 7
Time-lapse video of Y. enterocolitica expressing EGFP-SctQ attached to a glass cover slip in a flow cell after pH shift from 4 to 7. Left, overlay of DIC (grey) and fluorescence signal (yellow); right, fluorescent channel in red hot color scale. Bacteria were attached to the cover slip at pH 7, flow was introduced, and the buffer was switched from pH 4 to pH 7. The duration of the experiment was 10 minutes and pictures were taken every 10 seconds. Scale bar, 2 µm.
